INTRODUCTION
The following material represents 2 to 3 lectures on the principles of electrophysiology that occur early in the anatomy and physiology course taught to entering pharmacy students during their first semester in the program. These concepts are fundamental to the understanding of pathology and pharmacology. These lectures follow introductory material and precede material on cell-to-cell signaling. The required text has changed several times over the years. These lectures on the basic principles have been designed to independently facilitate student learning of the current text. As the concepts have been difficult for some students, attempts have been made to make the lectures more interactive. By using a handout with problems and summary sections for the students to complete in class, efforts have been made to more actively involve the students in the learning process prior to leaving the classroom. In a separate course, a computer laboratory session reinforces these lectures and allows students to experiment with electrophysiological parameters, reinforcing the classroom learning.
Voltage = RT/ZF ln [Extracellular]/[Intracellular]
R = Gas Constant; T = Absolute Temperature; Z = charge on ion; F = Faraday constant; ln = natural log Assuming a monovalent cation and a temperature of 37° C, the equation can be simplified:
Lecture Material
Note that in Figure 1 the ions are not equally distributed across the membrane of this "cell." If a microelectrode is inserted into the cell, a transmembrane voltage of approximately -77mV can be detected. This voltage is referred to as the membrane potential and is abbreviated as Em. Inhibition of cellular adenosine triphosphate (ATP) production or inhibition of Using the values from Figure 1 , the equation can be applied to the 2 major cations found inside or outside the cell. Interpretation: If the membrane is freely permeable to potassium, Em must equal -88 mV to maintain a con centration gradient of 5/148. Since Em = -77 mV, the membrane is not freely permeable to potassium. 
Nernst Equation for Potassium:
. Negative and positive charges separate across the membrane, producing a membrane voltage. The distribution of the cation across the membrane reaches an equilibrium point, which is a function of both the concentration gradient and the membrane voltage.
Nernst Equation for Sodium:
Em = 60 mV log(142/10) = +69 mV = E Na Interpretation: Na + is far from electrochemical equilibrium --much further away than K + . ECl = -85 mV (We ignore chloride for purposes of this discussion. In some cases chloride does play a role in setting Em. This will be covered later in the course.)
None of these ions are in electrochemical equilibrium. What is missing? Diffusion is not only a function of the concentration gradient, but also relative permeability. Experimental data have shown that the relative permeability of sodium and potassium are very different. The cell membrane is as much as 30 to 100 times more permeable to potassium than sodium. 2 Therefore, when sodium is pumped out of the cell, and potassium pumped in, K + can diffuse more readily than Na + . For this example a 50-fold difference in permeability is assumed. By adding relative permeability constants and accounting for the influence of both ions, Em now approximates the observed value (-77mV).
One equation that can be used is the Goldman Constant Field Equation.
1 By using the values for ion concentra- tions found in the cell and including relative permeability constants, the measured Em can be approximated. Students are now asked to identify depolarization and hyperpolarization on the sketch below ( Figure 3 ) By a class voice vote, agreement is reached that A = hyperpolarization and B = depolarization. At this point the class is split into 4 divisions. Each division then forms into groups of 4 to 5 students. Each group works on 1 of the following 4 problems. After 10 minutes class is reconvened and students are asked to share the answers derived by the group. Correct student responses are italicized.
Problems:
In each case, change the indicated parameter or parameters and leave the rest of the Goldman equation the same as in the example above. After calculating Em, answer the accompanying questions. Increasing P K will _______(Hyperpolarize)______ the cell membrane. As P K approaches ∞, Em approaches ______(E K )______ 2. P Na = P K = 1 Em = 1.88mV
Increasing P Na will ______(Depolarize)_____ the cell membrane. As P Na approaches ∞, Em approaches ______(E Na )______
[K+]outside = 15 mM Em = -55mV
Increasing the potassium concentration outside the cell will ______(Depolarize)_____ the cell membrane. Increasing the sodium concentration inside the cell will _(Hyperpolarize)-very slightly, if at all_ the cell membrane. At this point students again reform into their groups and are asked to review the handout up to this point to come up with 3 factors that are essential for generating Em. After 5 minutes class reconvenes and groups are called on to share their answer.
Three Factors that generate Em (Summary): A class discussion of answers leads to something similar to the list below.
1. Electrogenic pump -energy source to pump Na + and K + against their concentration gradient 2. Differential permeability between Na + and K + (PK > PNa)
Impermeant intracellular anion

Action Potential
Excitable cells or tissues are capable of generating an action potential (eg, nerve, muscle). Unless otherwise stated, neurons (nerve cells) will be used as an example throughout this topic. As shown in Figure 4 , a small stimulus applied to an excitable cell produces a disturbance in Em. When recorded from a neuron, these local potentials only spread over a small distance and rapidly decay. Em shifts slightly, and returns to the resting value rather quickly. Note that the extent of the depolarization is proportional to the size of the stimulus, and also that 2 stimuli applied close together have a summing effect on the size of the local potential. In an excitable cell, such as a neuron, a stimulus of sufficient strength will produce an action potential (AP).
In Figure 5 the stimulus has generated a local potential that achieves a threshold. At the threshold level, the action potential is generated. A wave of depolarization is closely followed by repolarization, hyperpolarization, and a return to Em. There are 3 important characteristics of an AP:
• The threshold. This level differs from cell to cell, but in each case a certain level of stimulus triggers the AP.
• Once threshold is reached, the AP spreads throughout the cell without any change in size or shape.
• Stimuli larger than threshold do not produce any change in the size or the speed with which the AP spreads throughout the cell. One stimulus equal to or greater than threshold produces one AP of the same size and shape.
Ionic Basis For The Action Potential
Having described the ionic properties of the membrane, and the characteristics of an AP, it is necessary to Figure 5 . Generation of an action potential in an excitable tissue. A local potential of sufficient strength reaches a threshold. A rapid depolarization ensues, followed by repolarization, hyperpolarization, and a return to Em (-77mv in this example).
address the mechanism by which the cell generates this signal. Remember that no measurable changes in ion concentrations occur during the AP. Only a small number of ions are actually involved.
Hodgkin and Huxley Experiments
2,3
The development of the squid giant axon preparation allowed further insight into the mechanism of AP development and generation. The squid giant axon is a nerve with a diameter of approximately 1 mm. This large size of a cell allowed the insertion of electrodes inside the cell and also allowed removal and replacement of the intracellular fluid. Thus, it was possible to alter both the intracellular and extracellular composition and to use electrodes to clamp the membrane voltage to a particular value. By clamping the voltage, the current flow in both directions across the membrane could be measured for any given Em. Figure 6 shows the effect of clamping Em = 0. Within a millisecond after the clamp is put in place, an inward current occurs that is followed by an outward flow, which continues until the voltage clamp ceases. Measurement of the current flow at a fixed voltage allowed the use of Ohm's Law (E = I · R) to calculate resistance. A more useful term than R is Ionic Conductance = g = 1/R, in which g is similar term to P--the permeability factor used earlier in the Goldman equation. Thus, gK estimates the ease with which potassium ions can cross the membrane ( Figure  7 ).
The voltage clamp can be used to look at the contribution of individual ions to this current flow. Remember that sodium and potassium are by far the most significant contributors to Em. When sodium is removed from the extracellular medium bathing the squid giant axon, the contribution of potassium to the current flow can be determined. In effect, the sodium removal sets gNa = 0. On the figure below, note that the curve labeled gNa = 0 represents gK. That is, when no sodium is present and the voltage is clamped to 0, a slightly delayed outward current occurs and continues to flow outward while the voltage is clamped at 0. Since no sodium is present, this represents movement of potassium out of the cell.
Another set of experiments can be performed in which gK = 0. When potassium is not present, the curve labeled gK = 0 on the graph below represents the direction and magnitude of the sodium current. Note that this current starts moving into the cell very quickly after the clamp is implemented, but shuts itself off. Thus the sodium current is voltage activated, but time inactivated. This is good evidence that the permeability of the membrane to sodium is controlled by 2 gates. The activation gate responds to the membrane potential and opens at threshold. A second gate, the inactivation gate, decreases gNa shortly thereafter. This inactivation gate is not voltage sensitive but is time-dependent. The dotted line on the graph represents the algebraic sum of the 2 curves, gNa = 0 and gK = 0. Note that this dotted line is the same as the voltage clamp curve in Figure 6 . Note: How do the changes in ion conductances produce an action potential? Figure 8 shows the position of the gates that control Na + and K + voltage sensitive channels during various stages of an action potential. In part a the position of the gates at Em is shown. In part b the voltage activated sodium and potassium gates are opened and the membrane depolarizes. Since E Na is much further from Em than E K , a net depolarization occurs. See number 2 of the Goldman Equation problems to show what happens when both sodium and potassium permeability are high. In part c the sodium inactivation gate closes, reducing sodium permeability while potassium permeability remains high. Em is thus moved toward EK (see number 1 of the Goldman Equation problems). In part d the sodium gates are restored to their original state, but potassium permeability remains high, leading to hyperpolarization of the cell membrane. In part e the channel position has returned to the original position seen in part a.
Four Properties of Excitable Cells
1. Excitability. Ability to generate an action potential. This property refers to the relationship between threshold and Em. The smaller the distance between Em and threshold, the more easily excitable is the tissue. That is, the smaller the stimulus required to move Em to threshold, the more excitable the cell.
2. Refractory Period (see Figure 9 ). During the majority of the time that an AP is generated, a second stimulus cannot generate another AP. Until the sodium gates have returned to their resting state, a second AP cannot be generated. This time is referred to as the Absolute Refractory Period (ARP). The Relative Refractory Period (RRP) occurs late in the AP, when sufficient sodium channels have recovered, but the membrane is hyperpolarized and therefore less excitable. A larger than normal stimulus is required in this latter period to generate an AP.
What is the importance of the refractory period? This time determines how rapidly a cell can respond to repeated stimuli. Stimuli occurring during the refractory period cannot generate an AP. In a neuron, this time is very short, usually less than 1 ms. However, in cardiac tissue ARP may last 200 ms. What would the maximum heart rate be in this circumstance? (Student response: 5/sec = 300 beats/minute.) 3. Conduction Velocity. The speed with which an AP moves along the cell membrane. more negative Em is when the AP starts, the faster it will be conducted.
b. Fiber size. Generally, the larger the nerve fiber diameter, the faster the conduction. For example, very large motor neurons may have a diameter of 20 microns and conduct at speeds over 100 m/sec. The small fibers of the sympathetic nervous system have a diameter of less than 1 micron and conduction velocity rarely exceeds 2 m/sec. c. Myelination. The axons of some neurons have areas that are covered with discontinuous layers of a substance called myelin. The myelinated areas are disrupted by spaces where no myelin is present. These spaces are known as Nodes of Ranvier. This arrangement of myelin and nodes diagrammed in Figure 10 allows Saltatory Conduction to occur. Saltatory Conduction consists of 2 components. Under the myelin sheath no action potentials occur. Instead local potentials spread the impulse from Node to Node. In the Nodes, APs are generated. This type of conduction has 2 advantages. Firstly, the local potentials spread must faster than APs, speeding conduction. Also the use of local potentials under the myelin saves energy as fewer ions need to be pumped back across the membrane. 4 . Automaticity. Ability to spontaneously generate an action potential. Figure 11 illustrates this property of excitable tissues, which is most often observed in cardiac and smooth muscle. Tissues that exhibit automaticity have an unstable Em. When maximum repolarization is reached, Em starts decaying toward threshold. This is a continuous process. The rate at which AP's are generated is a function of the rate at which the membrane potential decays to threshold.
The discussion of automaticity ends this section of material on the basics of electrophysiology. A section on synaptic events and cell signaling follows. Further rein- Figure 11 . An example of automaticity. Em spontaneously decays to a threshold level and an action potential is generated. When repolarization is complete, Em starts decaying again.
forcement of electrophysiological principles occurs in a separate laboratory course exercise. Students use a computer program to perform experiments on a model of a neuron. 4 Students manipulate ion concentrations and permeabilities to verify the information they received in the lectures above. Voltage clamp experiments are also performed, and the curves illustrated in lecture are reconstructed by the students.
CONCLUSIONS
The use of some active learning in the classroom forces students to look at and discuss important points with their classmates prior to leaving the classroom. Based upon exam performance in this area, students appear to have an easier time with these concepts since the more interactive approach was instituted. As a part of the overall assessment of the course material, students are asked to state their opinion of the effectiveness of this more active approach to electrophysiology with respect to their learning. In 2002, 42 students found the approach helpful, 11 did not, and 3 did not respond to this part of the questionnaire. This most recent assessment of the value of the approach is similar to that found in previous years.
